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Photocatalysis of V-bearing rutile on degradation of halohydrocarbons
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Abstract

Natural rutile TiO2 shows photocatalysis on degrading trichloroethylene and tetrachloroethylene. In natural rutile, V, Fe, Cu, etc. substitute
for Ti, resulting in lattice distortions and defects. We found that rutile, after heating, quenching and electron irradiation, changes its surface
characteristics and photoactivity. The quenched rutile has the highest concentrations of adsorbed water and V on its surface, resulting in high
photoactivity. For example, quenching at 1273 and 1373 K significantly improved photoactivity of rutile. The heated rutile also increased
the concentration of adsorption water on the surface, e.g., rutile heated to 1273 K improved degradation rate of halohydrocarbons. On the
contrary, electron irradiation decreased the concentration of adsorbed water on the rutile’s surface, which results in lower degradation rate
for trichloroethylene. Therefore, heating and quenching over 1237 K improve the photocatalytic efficiency of the natural V-bearing rutile on
degrading halohydrocarbons. The XRD spectra of the rutile samples showed that heating, quenching and electron irradiation did not result in
formation of new phases or phase transitions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photocatalysis is a catalysis process caused by light
irradiation [1]. Fujishima and Honda discovered that H2O
decomposes in a photoelectrolysis cell[2]. Since then, pho-
tocatalyst has been investigated and used to purify water
polluted with organic materials[3,4]. Lu [5] found that
semiconducting minerals, especially oxides and sulfides
[6,7], could be used to degrade organic contaminants in the
environment. Due to its strong oxidability, nontoxicity, cost
effectiveness and long-term photostability, titania TiO2 ap-
pears to be the most promising photocatalyst. However, the
band gap of pure titania is about 3.0 eV and only a small
part of solar light with wavelength shorter than 400 nm can
excite TiO2 [8,9]. Strong combination of photo-generated
electron–hole pairs also limits photocatalysis of pure tita-
nia [10]. To improve photocatalytic efficiency of titania,
attempts have been tried to dope anatase, a polymorph of
titania, with metals or metal oxides[11–13]. It was found
that V-doped anatase has strong photoactivity[14,15].
In addition to doping, heating, quenching and electron
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irradiation were also used to enhance photoactivity of a cat-
alyst [15–18]. Similar to pure anatase, pure rutile, a second
polymorph of TiO2, shows no photoactivity[19]. However,
depending on preparation procedure, precursor compound
[20], and organic reactant[21], rutile could contain im-
purity components and thus show some photoactivity. For
example, naturally occurred rutile usually contains trace
elements such as V and Fe and these elements enhance pho-
tocatalysis[15,22]. In this study, we modified properties of
natural V-bearing rutile by heating, quenching and electron
irradiation and investigated photocatalytic effects of these
properties on degradation of halohydrocarbons.

2. Samples and experiments

2.1. Untreated rutile samples

The natural V-bearing rutile used was from a rutile de-
posit hosted in basic–ultrabasic rocks. The gangue minerals
include apatite, tremolite, actinolite, steatite, chlorite, pla-
gioclase, vermiculite, and sphene. The concentrated ore of
93% rutile was obtained by gravitational-magnetic separa-
tion. The rutile is deep red in color with sub-metallic luster
and its grain sizes range from 0.1 to 1.0 mm.
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2.2. Treated rutile samples

The natural rutile grains were ground to sizes of
70–80�m. In the heating experiment, the ground rutile sam-
ples were heated in air in a muffle furnace at 1273 K for 1 h
and then cooled down slowly in air. In the quenching exper-
iment, the rutile samples were heated to 1273 K in a 20 kW
muffle furnace for 5 min. The heated samples were then put
on a steel board and cooled by airflow of 273 K. Both the
heating and quenching experiments were conducted at the
Beijing University of Science and Technology. In the irra-
diation experiment, the rutile samples were irradiated with
electron beam from the BF-5 Linear Electron Accelerator
at Beijing Normal University. The electron energy and irra-
diation dosage were 3–5 MeV and 1066 kGy, respectively.

2.3. Characterization techniques

Chemical compositions of the rutile were obtained by a
JEOL JCXA 733 electron microprobe analyzer (EMPA) at
China University of Geosciences (Beijing). Crystal structure
of the samples was determined by a Rigaku Bruker D8 Ad-
vance powder X-ray diffractometer (XRD) with Cu K� radi-
ation at Peking University. X-ray photoelectron spectroscopy
(XPS) analyses were performed by a PHI-5300/ESCA in-
strument with a monochromatized Al K� source under a
pressure of 2.92× 10−7 Pa at Tsinghua University. The an-
gle discrimination was 45◦ and the energy resolution was
0.8 eV. The C 1s line at 284.6 ± 0.2 was used for a final
energy scale calibration.

2.4. Degradation experiment

In the degradation experiment, 0.8 g ground rutile sample,
5 ml 3% H2O2 solution, and 2–3 ml methanol were added
into 700 ml trichloroethylene or tetrachloroethylene aque-
ous solution of 400�g/l in a reaction container, which was
irradiated by a 8 W mercury lamp. Then the reaction con-
tainer was put into an oscillator for water bath at a con-
stant temperature. Concentrations of halohydrocarbons were
measured at different times using HP-6890 gas chromatog-
raphy with electron capture detection (ECD). For the pur-
pose of comparison, experiments without rutile were also

Table 1
Chemical compositions of the natural rutile (wt.%)

Rutile TiO2 V2O5 FeO CuO ZnO Cr2O3 CdO HgO As2O3 Nb2O5

1 95.75 1.36 0.45 0.40 0.27 0.00 0.01 0.00 0.02 0.28
2 96.34 1.31 0.29 0.06 0.24 0.00 0.00 0.03 0.00 0.00
3 97.37 0.99 0.43 0.20 0.56 0.38 0.01 0.02 0.00 0.15

Rutile SiO2 Al2O3 P2O5 MgO CoO NiO CaO Na2O Ta2O5 Total

1 0.30 0.28 0.30 0.00 0.07 0.00 0.00 0.02 0.06 99.34
2 0.00 0.00 0.04 0.23 0.09 0.26 0.10 0.12 0.00 99.12
3 0.33 0.05 0.00 0.00 0.00 0.00 0.04 0.00 0.00 100.55

conducted. The degradation rate (%) of halohydrocarbons at
t time is defined as

degradation rate=
[
c0 − ct

c0

]
× 100% (1)

wherec0 andct are concentrations of halohydrocarbons at
initial time andt time, respectively.

3. Results

3.1. Compositions and structures of rutile

The chemical compositions of the natural rutile are listed
in Table 1. On average the rutile contains 96.49 wt.% TiO2,
1.22 wt.% V2O5, 0.39 wt.% Fe2O3, 0.35 wt.% ZnO, and
0.22 wt.% CuO. Radii of six-fold coordinated V5+, Fe2+
and Fe3+ are 0.062, 0.069 and 0.063 nm, respectively, simi-
lar to that of Ti4+ (0.069 nm)[23]. Therefore, these elements
could easily substitute Ti in the rutile structure[24,25]. Most
researchers agreed that V-doped anatase has strong photoac-
tivity [14,15]. The V-bearing rutile is a natural counterpart
of V-doped TiO2, thus has potential to serve as photocata-
lyst. In Table 1, contents of toxic elements, such as Pb, Cr,
Cd, Hg and As, are low. Therefore, the rutile is also en-
vironmentally friendly, causing no further pollution during
sample preparation and degradation[5].

The XRD patterns of the treated and untreated rutile sam-
ples indicated that all samples are rutile. There is no phase
change after the treatments, and no titania phase, V2O5 or
other oxide phases were detected.

3.2. Surface features of rutile

XPS analyses were used to study the surface features of
rutile, which are important for catalytic activity. Ti 2p spec-
tra of all the samples consist of Ti 2p3/2 and Ti 2p1/2 double
peaks, and the corresponding binding energies are given in
Table 2, which are consistent with the binding energies re-
ported for Ti4+ in titanium dioxide (458.5 eV for Ti 2p3/2
and 464.2 eV for Ti 2p1/2) [26]. All the Ti 2p3/2 and Ti 2p1/2
peaks are sharp and symmetric, and there is no low binding
energy shoulder for Ti3+ [27,28]. Therefore, Ti valence is
+4 in all rutiles.
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Table 2
Binding energy of Ti 2p and V 2p3/2 peaks of untreated, heated, quenched and irradiated rutile and the concentration of various atoms on the surfaceXPS (%)

Rutile Binding energy (eV) Atom percentageXPS (%)

Ti 2p3/2 Ti 2p1/2 V 2p3/2 Ti O V O/Ti V/Ti

Untreated 458.5 464.3 517.7 13.9 82.8 3.3 5.9 0.2
Heated 458.6 464.3 517.6 11.3 84.8 3.9 7.5 0.4
Quenched 458.8 464.5 517.6 10.1 85.8 4.1 8.5 0.4
Irradiated 458.8 464.5 517.8 11.9 84.6 3.5 7.1 0.3

Because the V 2p1/2 peak overlaps partly the O 1s peak
[29] and the rutile contains low V concentration, the V 2p1/2
peak is hardly observed[30]. Thus only the V 2p3/2 peak
was discussed (Fig. 1). The binding energies of V 2p3/2 peak
range from 517.6 to 517.8 eV (Table 2), corresponding to
V5+ state[26].

A typical O 1s peak of pure TiO2 is sharp and symmetric
with a binding energy around 530 eV[31]. Due to over-
lapping by water adsorption peak, the O 1s peaks become
asymmetric (Fig. 2). Ong et al.[32] pointed out that the
high-energy part of O 1s peak is caused by broad water
adsorption peak. The broad O 1s peaks can be deconvo-
luted into three peaks at 530.3, 531.8 and 533.2 eV (Fig. 2),
which are corresponding to O2− in titanium oxides, disso-
ciative adsorbed water OH−, and adsorbed molecular water
H2O, respectively[33]. The percentages of O2−, OH−
and H2O peaks are given inTable 3. The concentrations
of adsorbed water (OH− and H2O) on the surface of the
heated and quenched rutiles were higher than O2− con-
centration. The percentage of adsorbed water on the rutile
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Fig. 1. V 2p3/2 peaks of untreated (A), heated (B), quenched (C) and
irradiated (D) rutiles.
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Fig. 2. Broad O 1s peak and the deconvoluted O2−, OH−, and H2O peaks
for untreated (A), heated (B), quenched (C) and irradiated (D) rutiles.

surface was increased from 50.40 to 58.52% after quench-
ing. While the percentage of adsorbed water on the surface
of electron-irradiated rutile was decreased from 50.40 to
47.94%.

The integrate areas of Ti 2p, V 2p and O 1s peaks of ru-
tile were computed and the corresponding atom concentra-
tion (Cx) were calculated with atom sensitivity factor (ASF)
equation[34]:

Cx = nx∑
i ni

= Ix/Sx∑
i Ii/Si

(2)

Table 3
Percentages of O2−, OH− and H2O on the surfaces of untreated, heated,
quenched and irradiated rutiles

Rutile O2− (%) OH− (%) H2O (%) H2O + OH− (%)

Untreated 49.6 41.2 9.2 50.4
Heated 43.9 42.3 13.8 56.1
Quenched 41.5 37.8 20.7 58.5
Irradiated 52.1 29.4 18.5 47.9
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Table 4
Degradation of halohydrocarbons with and without rutiles

Time (h) Trichloroethylene (%) Tetrachloroethylene (%)

No rutile Untreated rutile Electron irradiation No rutile Untreated rutile

0 0 0 0 0 0
1 39 83 65 41 94
2 50 91 81 62 97
3 65 97 88 81 99
4 68 99 94 89 100

Table 5
Degradation of halohydrocarbons with heated rutiles

Time (min) Tetrachloroethylene (%) Trichloroethylene (%)

Untreated rutile Rutile heated at 1273 K Untreated rutile Rutile heated at 1273 K

0 0 0 0 0
20 67 74 72 86
40 80 91 89 98
60 89 98 99 100

Table 6
Degradation of halohydrocarbons with quenched rutiles

Time (min) Untreated 973 K 1073 K 1173 K 1273 K 1373 K

a b a b a b a b a b a b

0 0 0 0 0 0 0 0 0 0 0 0 0
20 43 55 41 50 56 58 49 61 77 79 90 90
40 77 78 70 81 80 84 76 87 93 94 95 95
60 82 88 87 91 85 89 83 91 95 96 95 96

a: degradation of trichloroethylene (%), b: degradation of tetrachloroethylene (%). The degradation time of the quenched rutile at 1373 K is 34, 50 and
68 min, respectively.

whereSx is ASF for a certain atom andIx is peak intensity
(integrate area);Si is ASF of theith atom andIi is its peak
intensity. The calculatedCx shows that heating, quenching
and electron irradiation increased V and O concentrations
on the rutile surface (Table 2).

3.3. Degradation by rutile

Untreated rutile samples. Degradation rate of trichloro-
ethylene without rutile is less than 70% after a few hours
of light irradiation. However, the degradation rate increased
to 95% after adding rutile. Tetrachloroethylene shows sim-
ilar behavior after adding rutile (Table 4). These examples
indicate that the untreated rutile shows photoactivity.

Heated rutile. By using heated rutile for one hour, degra-
dation rate of tetrachloroethylene reaches 98% and its
concentration is less than 5�g/l, meeting China’s national
discharge standard for pollutants[35]. The degradation
rate of tetrachloroethylene with untreated rutile is less than
90% (Table 5). For trichloroethylene, degradation rate with
heated rutile is also higher than that with untreated rutile.
For example, after using heated rutile for 20 min, degra-
dation rate of trichloroethylene is more than 85%; and the
degradation rate with untreated rutile is only about 70%

(Table 5). These results demonstrate that, compared to un-
treated rutile, the heated rutile further improves degradation
rates of tetrachloroethylene and trichloroethylene.

Quenched rutile. Quenched rutile increases degradation
rates of tetrachloroethylene and trichloroethylene as well.
Table 6 lists degradation rates of tetrachloroethylene and
trichloroethylene after using rutile quenched at different
temperatures for certain time durations. Rutiles quenched
at different temperatures result in different degradation
rates. For trichloroethylene, the use of the rutile quenched
at 1273 and 1373 K leads to degradation rates of more than
90% after 40 min; while the use of rutile quenched at lower
temperatures leads to degradation rates of about 85% af-
ter 60 min, similar to degradation rates by using untreated
rutile. Therefore, rutile quenching at 1273 and 1373 K
improves the degradation rate of tetrachloroethylene and
trichloroethylene most significantly (Figs. 3 and 4).

Electron-irradiated rutile. The degradation rates of
trichloroethylene with electron-irradiated rutile were shown
in Table 4. After the first hour of the experiment with
electron-irradiated rutile, trichloroethylene had a degrada-
tion rate of 65%, lower than 83%, the degradation rate with
untreated rutile. Thus, electron-irradiated rutile actually
lowers degradation rate of trichloroethylene.
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Fig. 3. Degradation of trichloroethylene by quenched rutiles.
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Fig. 4. Degradation of tetrachloroethylene by quenched rutiles.

4. Discussion

4.1. Effects of vanadium

Unlike pure synthetic rutile that lacks photoactivity [19],
natural V-bearing rutile shows certain photoactivity. This is
because that the substitution of V for Ti causes distortion
of coordination polyhedra, increases structural microstrain
[24,25], and creates structural vacancies [24]. During pho-
tocatalysis, the structural vacancies on the rutile surface ab-
sorb significant amount of OH− + H2O (Table 3), which
prevent photo-generated electron–hole pairs from combina-
tion, thus rutile’ s photoactivity is enhanced.

4.2. Effects of heating, quenching and electron irradiation

The XPS analyses showed that treatments, such as heat-
ing, increase V and O concentrations on the surface of rutile
(Table 2). Therefore, on the surface of treated rutiles, more
V5+ replaces Ti4+ and more positive charges are created. In
addition, water dissociation into OH− + H+ is energetically
feasible at the defect sites [36,37]. In order to neutralize the
positive charges on the rutile’ s surface, negatively charged
hydroxyl OH− is absorbed on the rutile’ s surface. The hy-
droxyl ions on the rutile’ s surface further enhance the pho-
tocatalytic activity of rutile [14]. Among rutiles treated by
heating, quenching and electron irradiation, quenched rutile
has the most adsorbed water and V on its surface, heated
rutile has moderate amounts of adsorbed water and V on
its surface, and electron-irradiated rutile do not increase ad-
sorbed water and V concentrations on its surface.

Adsorbed water and hydroxyl groups on rutile surface
play a crucial role at the initial stage of photocatalysis
[38,39]. The hydroxyl combines with photo-generated holes
and form strongly oxidizing radical OH, which prevents
electron–hole pairs from recombination [40]. Rutiles treated
by heating and quenching contain high concentrations of
adsorption water (OH− and H2O) on the surface. Therefore,
these rutiles have higher phototactivity. The inferior cat-
alytic effect of the electron-irradiated rutile might be caused
by decomposition of OH− by reactions OH− → H+ + O2−
and H+ + e → (1/2)H2 ↑ [33].

5. Conclusions

Natural V-bearing rutile shows photocatalytic property
due to V substitution for Ti in rutile structure. Treatments by
heating and quenching increase structural vacancies and V
and O concentrations on rutile surface and cause more OH−
be adsorbed on rutile surface, which in turn improve rutile’ s
photocatalytic ability in degradation of halohydrocarbons.

The use of rutile heated at 1273 K for degradation of
trichloroethylene showed that, after 1 h, the concentration
of trichloroethylene decreased to less than 5 �g/l, meet-
ing China’ s national discharge standard for organic waste
water. Similarly, by using rutile quenched at 1273 and
1373 K for degrading trichloroethylene, low concentra-
tions of trichloroethylene can also be obtained. This study
also demonstrated that electron irradiation fails to improve
rutile’ s photocatalytic ability in degradation of halohydro-
carbons.
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